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==========

Isavuconazole can require therapeutic drug monitoring.We suggest collecting one blood sample just before the first maintenance dose to estimate the patient's most likely kinetic profile using Desai et al.'s population-pharmacokinetic model.If the kinetic profile is close to the profiles simulated with Desai et al.'s population-pharmacokinetic model, there is no need to perform therapeutic drug monitoring.If the kinetic profile is outside the expected range, an individualized dose adjustment may be proposed (together with an estimation of the new kinetic profile). For these patients, we suggest screening cytochrome P450 3A4 and 3A5 genetic polymorphisms to explain these profiles.

Introduction {#Sec1}
============

Isavuconazole is a new antifungal prodrug approved in USA and Europe for the treatment of invasive aspergillosis and mucormycosis in adults. The recommended dose is 200 mg (intravenously or orally) every 8 h for 48 h, followed by 200 mg once daily as a maintenance dose applied 12--24 h after the last loading dose. Isavuconazole is mainly metabolized by the hepatic cytochrome 450 (CYP) 3A4/5 \[[@CR1], [@CR2]\], with polymorphisms \[*CYP3A4\*22* (rs35599367) and *CYP3A5\*3* (rs776746)\] that lead to unexpected kinetic profiles, as observed for other drugs such as tacrolimus \[[@CR3]\] (an immunosuppressive drug). To date, the pharmacokinetic-pharmacodynamic relationship has not been established for patients \[[@CR4]\], as the only information available was obtained using rabbits \[[@CR5], [@CR6]\] or a murine model \[[@CR7], [@CR8]\]. Consequently, a therapeutic range for patient exposure is not available and standard therapeutic drug monitoring (based, for example, on trough concentration as is often the case) is not currently recommended. However, as isavuconazole is a new drug, clinicians are sometimes sceptical about the exposures achieved among their patients and seek pharmacokinetic exploration. Currently, the only available information on pharmacokinetic parameters and their variability is provided by the population-pharmacokinetic (POP-PK) study published by Desai et al. \[[@CR9]\] In their study, the authors proposed a validated POP-PK model that was created using patients' concentrations collected from phases I and III of the SECURE trial \[[@CR10]\]. In addition to the above-mentioned statements indicating that the pharmacokinetic-pharmacodynamic relationships have not yet been established for patients, in the SECURE trial, there was no difference between mortality or clinical success, whatever the measured exposures. Consequently, in the absence of any further information, in clinical practice, one recommendation could be at least to mimic the pharmacokinetic profiles reported in the SECURE trial.

Currrently, based on one concentration and Desai et al.'s POP-PK model, it is possible to estimate the most likely kinetic profile of a patient. If a patient's kinetic profile is close to the profiles reported by Desai et al. \[[@CR9]\], there is no need to perform therapeutic drug monitoring as recently suggested by Andes et al. \[[@CR11]\] In contrast, when the kinetic profile differs from the Desai et al.'s profiles, isavuconazole concentration monitoring and kinetic profile modeling are the only methods for obtaining information on a patient's exposure and the efficacy of isavuconazole. We used these methods for four patients with invasive aspergillosis who presented with unexpected high concentrations a few days after the last loading dose, without obvious explanatory factors (no drug--drug interactions as co-prescriptions do not inhibit CYP3A4/5 and no previous hepatic injury). For two patients, these high concentrations were concomitant with adverse effects (patellar tendinopathy and discomfort, respectively) that disappeared during the dose change or interruption. However, to date, it is not clear if there is a causal link.

Methods {#Sec2}
=======

We applied this approach to four patients who received oral isavuconazole, i.e., 200 mg every 8 h six times and then 200 mg every 24 h. As the patients were in a hospital and cared for by a specialized medical team, lack of compliance was unlikely. Isavuconazole plasma concentrations were determined using a validated chromatographic technique coupled with a diode array detector, according to European Medicines Agency, US Food and Drug Administration, and ISO15189 guidelines. The lower limit of quantification was 0.2 µg/mL and the inter-assay variability was \< 7%. Using the POP-PK model published by Desai et al. \[[@CR9]\], we first simulated 50,000 pharmacokinetic profiles of isavuconazole for the recommended loading (200 mg/8 h six times) and maintenance doses (200 mg/day). Then, for each patient, we computed the empirical Bayes estimates of the pharmacokinetic parameters (Table [1](#Tab1){ref-type="table"}) and deduced the most likely kinetic profile (Fig. [1](#Fig1){ref-type="fig"}). Because these patients were extremes with respect to Desai et al.'s model, we computed their empirical Bayes estimates using an individual parameter distribution with heavier tails than the classical multi-dimensional log-normal distribution.Table 1Pharmacokinetic-pharmacogenetic exploration of isavuconazole in four French patients presenting with high unexpected plasma concentrations: this exploration was performed as part of the patients' hospital carePatientClinical informationPharmacogeneticsPharmacokinetic parametersIndividualized dose adjustmentSexAge, yearsEthnic groupBMI (kg/m^2^)Co-prescriptionAdverse effectsCYP3A4\*1 CYP3A5\*3Clearance (L/h)Distribution volume (L)Half-life (h)New dose (mg/24 h)TDM1Male70Caucasian20.8Methotrexate\
Prednisone\
EsomeprazolePatellar tendinopathyCYP3A4: 1\*/1\*\
CYP3A5: 3\*/3\*0.62120.23190.011002Female52Caucasian20.2PrednisoneDiscomfortCYP3A4: 1\*/22\*\
CYP3A5: 3\*/3\*1.09196.77161.281003Male38CaucasianPrednisoneCYP3A4: 1\*/1\*\
CYP3A5: 3\*/3\*1.4188.1469.001002.22 µg/mL measured for 2.54 µg/mL estimated\
2.55 µg/mL measured for 2.57 µg/mL estimated4Female50CaucasianLevothyrox\
Oxazepam\
Zopiclone\
ClonazepamCYP3A4: 1\*/22\*\
CYP3A5: 3\*/3\*1.03141.23134.401001.83 µg/mL measured for 2.09 µg/mL estimated*BMI* body mass index, *CYP* cytochrome P450, *TDM* therapeutic drug monitoring Fig. 1Patients 1--4: kinetic profile of isavuconazole. The white curve shows the median kinetic profile. "Extremes" profiles were found in less than 5% and greater than 95% of the population (black curves). The red curve shows the estimated kinetic profile of the patient. The black stars represent the measured concentrations while the green stars represent the estimated trough concentrations in the case of individualized dosage adjustment. Therapeutic drug monitoring confirmed the estimated values. *C*~*estimated*~, estimated concentration using Desai\'s POP PK model, *C*~*max*~ maximum plasma concentration, *C*~*measured*~, measured concentration from the patient\'s blood sample *D* day

As isavuconazole is mainly metabolized by hepatic CYP3A4 and 3A5 \[[@CR1], [@CR2]\], we performed a pharmacogenetic exploration of *CYP3A4\*22* (rs35599367) and *CYP3A5\*3* (rs776746) polymorphisms using real-time polymerase chain reaction \[[@CR12]\]. This pharmacokinetic-pharmacogenetic exploration was part of the hospital care for patients according to regulations applied in France (patient's informed consent for genotyping).

Results {#Sec3}
=======

For all patients, the pharmacokinetic parameters differed from the median values (clearance 2.36 L/h, peripheral distribution volume 241.28 L, elimination half-life 90.57 h) obtained from 50,000 simulations performed with Desai et al.'s model \[[@CR7]\] and, in particular, clearance was systematically lower (Table [1](#Tab1){ref-type="table"}). With clinician guidance, an individualized dose adjustment was proposed for two patients (Fig. [1](#Fig1){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}) and therapeutic drug monitoring confirmed the estimated values were very close to the measured values (2.54 µg/mL and 2.57 µg/mL vs. 2.22 µg/mL and 2.55 µg/mL for patient 3 and 2.09 µg/mL vs. 1.83 µg/mL for patient 4).

The four patients all carried the homozygous variant *CYP3A5\*3*, which is associated with a lack of CYP3A5 activity, while two patients were homozygous for *CYP3A4\*22*. In the Caucasian population, close to Desai et al.'s study population (83.2% Caucasian and 16.8% Asian \[[@CR12]\]), more than 80--90% of patients possessed the *CYP3A5\*3* polymorphism \[[@CR13]\]. Consequently, this information cannot explain the over-exposure among our patients. On the contrary, the *CYP3A4\*22* polymorphism is present in less than 8--10% of the Caucasian population \[[@CR14]\]. Only two patients (50% of our population, patients 2 and 4) presented with this polymorphism, suggesting that other explanatory factors are likely.

Conclusion {#Sec4}
==========

In current practice, it is implicitly assumed that the pharmacokinetic profile of a patient will be close to the pharmacokinetic profiles published by Desai et al. Unfortunately, without any therapeutic drug monitoring, there is no proof that this is true. In this respect, we suggest collecting one blood sample just before the first maintenance dose to provide an early estimation of the patient's most likely kinetic profile using Desai et al.'s POP-PK model. If the kinetic profile is close to the profiles simulated with Desai et al.'s POP-PK model, there is no need for therapeutic drug monitoring. In contrast, if the kinetic profile is outside the expected range, an individualized dose adjustment may be proposed, together with an estimation of a new kinetic profile.

Although this approach has not been validated, given the limited number of patients and the lack of clinical data, obtaining a patient's kinetic profile to fit the expected profiles is reassuring for clinicians. This is particularly true for specific populations such as patients with severe gut disease as a result of graft-vs.-host disease (for which oral drug absorption is problematic) and children, where there is sparse information on isavuconazole exposure \[[@CR4]\].

We also recommend this approach when screening for CYP3A4 and 3A5 genetic polymorphisms, in addition to those usually explored (CYP3A4\*22 and CYP3A5\*3), including the non-functional alleles *CYP3A4\*17* (rs4987161) \[[@CR15]\], *CYP3A5\*6* (rs10264272) \[[@CR13]\], and *CYP3A5\*7* (rs76293380) \[[@CR13]\] for patients presenting with unexpected kinetic profiles. We acknowledge that these suggestions are not applicable to all hospitals. One initial constraint is that most pharmacology laboratories do not have the ability to rapidly integrate trough serum data into a POP-PK model. The second constraint is that access to pharmacogenetics is limited in most settings. Finally, the use of CYP3A4/5 pharmacogenetic data is investigational and has not been validated for isavuconazole dosage adjustment. However, for patients in real life, there is scant information available on factors affecting pharmacokinetic profiles and pharmacogenetics is too interesting a path to be neglected.
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